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Introduction
Primase is the specialized DNA-dependent RNA 
polymerase that generates short oligoribonucleotide 
polymers de novo which are then elongated by DNA 
polymerase to initiate the synthetic phase of DNA rep-
lication (Frick and Richardson, 2001; Griep, 2001). Dur-
ing bacterial DNA replication on a circular chromo-
some, primase initiates leading strand synthesis at 
least once and lagging strand synthesis many times. 
In Escherichia coli and Staphylococcus aureus, condition-
ally lethal mutations in the primase genes yielded a le-
thal phenotype under the non-permissive conditions, 
demonstrating the essentiality of the enzyme (Grompe 
et al., 1991; Liu et al., 2004). The indispensable func-
tion of primase and the structural divergence of the 
eukaryotic and prokaryotic primases (Augustin et al., 
2001; Keck and Berger, 2001) have led to the identifica-
tion of the enzyme as a target for novel antibiotic de-
velopment (Hegde et al., 2004; Zhang et al., 2002). On 
the other hand, alignments of bacterial primases have 
revealed potentially important differences in both se-
quence and structure that could play important roles 
in antibiotic discovery.
An important consideration for targeting primase for 
antibiotic development is whether the low primary se-
quence homology among the eubacterial primases has 
any functional relevance. The E. coli DnaG gene prod-
uct is the model eubacterial primase because its struc-
ture and function have been extensively characterized. 
It has been demonstrated that E. coli primase catalyses 
primer synthesis slowly (Swart and Griep, 1995), has 
low fidelity (Swart and Griep, 1995), binds G4-ori single-
stranded DNA (ssDNA) as a dimer (Stayton and Korn-
berg, 1983; Khopde et al., 2002) and is stimulated 15-fold 
when it interacts with its DnaB helicase (Johnson et al., 
2000). E. coli primase specifically initiates RNA primer 
synthesis complementary to the trinucleotide 5’-d(CTG)-
3’ in vitro (Bhattacharyya and Griep, 2000). In addition 
to stimulating primase activity, E. coli DnaB helicase has 
been shown to release primase initiation specificity such 
that most templates, even those lacking the trinucleotide 
d(CTG), support some measurable RNA primer synthe-
sis in vitro (Bhattacharyya and Griep, 2000).
Published in Molecular Microbiology 68:6 (2008), pp. 1570–1582; doi 10.1111/j.1365-2958.2008. 06255.x 
Copyright © 2008 Scott A. Koepsell, Marilynn A. Larson, Christopher A. Frey, Steven H. Hinrichs, and Mark A. Griep; journal 
compilation © 2008 Blackwell Publishing. Used by permission. http://www.blackwellpublishing.com/journals/mmi/ 
Accepted April 9, 2008; published online April 29, 2008.
Staphylococcus aureus primase has higher initiation specificity, 
interacts with single-stranded DNA stronger, but is less 
stimulated by its helicase than Escherichia coli primase
Scott A. Koepsell,1,2 Marilynn A. Larson,1,2 Christopher A. Frey,2,3  
Steven H. Hinrichs,1,2 and Mark A. Griep 2,3
 1 Department of Microbiology and Pathology, University of Nebraska Medical Center, Omaha, NE 68198-6495, USA.  
  2 University of Nebraska Center for Biosecurity, Omaha, NE 68198-6495, USA.  
  3 Department of Chemistry, University of Nebraska-Lincoln, Lincoln, NE 68588-0304, USA. 
Corresponding author—M. A. Griep, tel 402 472-3429, fax 402 472-9402, email mgriep1@unl.edu  
Abstract
The study of primases from model organisms such as Escherichia coli, phage T7 and phage T4 has demonstrated the essential na-
ture of primase function, which is to generate de novo RNA polymers to prime DNA polymerase. However, little is known about 
the function of primases from other eubacteria. Their overall low primary sequence homology may result in functional differ-
ences. To help understand which primase functions were conserved, primase and its replication partner helicase from the patho-
genic Gram-positive bacteria Staphylococcus aureus were compared in detail with that of E. coli primase and helicase. The con-
served properties were to primer initiation and elongation and included slow kinetics, low fidelity, and poor sugar specificity. 
The significant differences included S. aureus primase having sixfold higher kinetic affinity for its template than E. coli primase 
under equivalent conditions. This naturally higher activity was balanced by its fourfold lower stimulation by its replication fork 
helicase compared with E. coli primase. The most significant difference between the two primases was that S. aureus helicase stim-
ulation did not broaden the S. aureus primase initiation specificity, which has important biological implications.
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The two bacterial-like primases that have been stud-
ied in the greatest biochemical detail are T7 gene 4 pro-
tein and T4 gene 61 protein (Frick and Richardson, 
2001). They share many similarities with E. coli primase 
including trinucleotide initiation specificity, although 
T7 primase recognizes d(GTC) and T4 primase recog-
nizes d(GTT). T7 gene 4 differs significantly from T4, 
E. coli and other bacterial primases in that it performs 
both primase and helicase functions. Its N-terminus is 
homologous to bacterial DnaG-like primase, whereas 
its C-terminus is homologous to bacterial DnaB-like 
helicase.
Recently, it was demonstrated that the primases and 
replication fork helicases from mesophilic S. aureus and 
thermophilic Geobacillus stearothermophilus have proper-
ties that diverge from their E. coli homologues (Koepsell 
et al., 2006; Thirlway and Soultanas, 2006). Both primases 
initiated from 5’-d(TTA)-3’ and d(CTA), but G. stearo-
thermophilus primase was minimally stimulated by its 
cognate helicase. In light of these findings, we hypothe-
sized that other biochemical differences might exist be-
tween S. aureus and E. coli primases. This study iden-
tified two major differences between the S. aureus and 
E. coli systems besides their different initiation trinucle-
otides that we previously described. S. aureus primase 
had sixfold higher affinity for its template than did E. 
coli primase, but this was balanced by fourfold lower 
stimulation from its helicase.
Results
The purpose of this study was to determine whether 
the differences in primary sequence and predicted struc-
ture between S. aureus and E. coli primase corresponded 
to functional differences. Characterization of the enzy-
mological properties of S. aureus primase is expected to 
be important for the future discovery and development 
of antibiotic drug candidates.
 
Quaternary structure of glutathione S-transferase-primase
The quaternary structure of an enzyme must be 
known before detailed kinetic studies can be designed 
or interpreted. In our previous study, it was shown 
that the Schistosoma japonicum glutathione S-transfer-
ase (GST) tag was required to enhance the solubility of 
S. aureus primase (Koepsell et al., 2006). As others have 
shown that free GST protein is dimeric in vitro (Walker 
et al., 1993) and in crystal form (Lim et al., 1994; Mc-
Tigue et al., 1995), it was necessary to determine the fu-
sion protein’s quaternary structure.
When 4 μM GST-primase was subjected to analy-
sis by sedimentation equilibrium, its molecular mass 
was determined to be 105 ± 8 kDa (Figure 1). This was 
the same as the mass calculated from its sequence, 
101.7 kDa, indicating that the protein was monomeric. 
When 4 μM protein was cross-linked with 300 μM dis-
uccinimidyl suberate (DSS), a single band migrated 
electrophoretically at the size of 100 kDa on a dena-
turing gel (data not shown), also indicating that the 
protein was monomeric, or that it was refractory to 
cross-linking. Further experiments with native gel elec-
trophoresis of 35 μM GST-primase gave a single band, 
the migration of which was unaltered when incubated 
with 150 μM free GST (data not shown). Collectively, 
these results indicated that GST-primase was mono-
meric and that the GST tag on primase did not induce 
dimer formation.
 
Effect of free GST on GST-primase activity
Free GST was added to the GST-primase to deter-
mine whether GST dimerization was capable of affect-
ing the activity of the fusion protein. When 1.5 μM pri-
mase and 2 μM ssDNA were incubated in the absence or 
presence of 1.5 μM free GST, the activity actually rose by 
5.8% (the average of duplicate experiments), which was 
Figure 1. The molecular weight of GST-primase was deter-
mined using a Beckman-Coulter Proteomelab XLI Protein 
Characterization System. The sedimentation equilibrium ex-
periment was run at 11000 r.p.m. with a protein concentra-
tion of 0.40 mg ml−1 (4.0 μM). The data were analyzed using 
Microcal Origin software with the Beckman ultracentrifuge 
data analysis add-ons. The curve was fit using a single ideal 
species model using the calculated partial specific volume of 
0.73. The GST-primase monomer mass is 101.7 kDa based on 
its sequence. 
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within the normal range of measurement error for these 
experiments. When 15 μM free GST was added to the 
reaction, primer synthesis activity was reduced by 12% 
compared with the absence of free GST, indicating weak 
interference and consistent with a Ki of 110 μM. There-
fore, the GST domain of GST-primase does not readily 
form dimers and does not need to be considered within 
our working concentration range.
S. aureus primase kinetic rate under optimal conditions
RNA primer synthesis takes place when primase is 
incubated with magnesium ion, a mixture of four ribo-
nucleoside triphosphates (NTPs), and a ssDNA tem-
plate containing an initiation trinucleotide located 6 
nucleotides from the 3’ end (Figure 2). Primer lengths 
and amounts were quantified using a denaturing high-
performance liquid chromatography (HPLC) assay 
that is capable of resolving the base and sugar compo-
sition of the products (Koepsell et al., 2004) and ana-
lyzed as described in Experimental procedures. While 
optimizing the conditions for S. aureus primase activ-
ity, it was found that the optimal temperature for in 
vitro primer synthesis was 30°C, with reduced activ-
ity at 37°C and 15°C and no detectable activity at 0°C 
or 42°C (data not shown). Analysis of primase activity 
at various magnesium ion concentrations determined 
that the greatest activity was constant between 10 and 
20 mM. There were no RNA primers synthesized in the 
absence of magnesium ion, and concentrations greater 
than 20 mM were inhibitory. Primase activity was un-
detectable in the absence of NTPs, nearly saturated at 
a NTP concentration of 400 μM, and was maximal at 
800 μM. Therefore, 30°C, 10 mM magnesium ion and 
400 μM NTP concentrations were used for all subse-
quent experiments.
 Under the standard conditions, the primer synthesis 
catalytic rate was measured in the presence of 2 μM pri-
mase and 1 μM ssDNA (Figure 3). The kinetic data con-
formed to a single-mode binding saturation relation-
ship P = Papp max exp(1 − kcat*t), where P was the moles 
of primer synthesized at any given time, Papp max was 
the apparent maximum number of primers synthesized, 
and kcat was the first-order catalytic rate. Non-linear re-
gression of the data yielded a Papp max of 48.7 ± 0.5 pmol 
RNA primers and a kcat of 24.2 (± 0.6) × 10−5 s−1 with an 
R2 of 0.999. Given that there were 100 pmol template in 
the reaction, it was estimated that 49% of the templates 
were primed during the course of the reaction. Under 
similar conditions, E. coli primase only primed 25% of 
its d(CTG) template (Koepsell et al., 2004), indicating 
that S. aureus primase had higher ssDNA affinity or was 
more active than E. coli primase. As the primer synthe-
sis rate for S. aureus primase was an order of magnitude 
faster than for E. coli primase (kcat of 0.00251 s−1) (Swart 
and Griep, 1995; Koepsell et al., 2004), it indicated that S. 
aureus primase was more active but that de novo primer 
synthesis is very slow regardless of the bacterial primase 
source.
Figure 2.  S. aureus primase activity assay using the d(TTA) 
template. 
Figure 3. Primer synthesis time-course was visualized by denaturing HPLC (left) and quantified (right). The d(TTA) template con-
centration was 1 μM, the primase concentration was 2 μM, and the samples were incubated for 30, 60, 120 and 180 min. Each sam-
ple was tested in triplicate but only one representative chromatogram was reproduced below. In the figure to the right, the aver-
age and standard deviation of three experiments were plotted even though the size of the circles was sometimes larger than the 
standard deviation. The line through the quantified data conformed to the first-order rate equation. 
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Primase concentration dependence
Given that S. aureus primase was monomeric, its ac-
tivity should be linearly proportional to its concentra-
tion. As shown in Figure 2, a full-length primer would 
be 16 nucleotides when it initiated from the middle nu-
cleotide in the recognition sequence and elongated to 
the end of the 23-mer ssDNA template. At primase con-
centrations below 400 nM, only primers less than the full 
length of 16 nucleotides were synthesized (Figure 4). As 
the primase concentration was increased to 1.2 μM, the 
lengths of all primers increased. Above 1.2 μM primase, 
the amount of full-length primers preferentially in-
creased. This pattern of activity suggested that S. aureus 
primase preferentially synthesized primers that were 8–
12 nucleotides during its first burst of trinucleotide-ini-
tiated synthesis, either stalled or dissociated, and then 
elongated from the short primer’s 3’ end until it ran out 
of template sequence.
 When the moles of primer at each length were quan-
tified and then summed to yield total primers synthe-
sized, it was observed that primer synthesis conformed 
to a hyperbolic relationship with primase concentra-
tion (Figure 4). This indicated that primase and template 
were present at limiting concentrations and formed a 
stoichiometric complex. As the total concentration of 
template and primase were known, the data were fit to 
a quadratic expression that accounted for the maximum 
fraction of primase–template complex. The fit indicated 
that 100% of the templates would be primed at saturat-
ing primase concentration (R2 = 0.985) and that the ap-
parent dissociation between primase and its ssDNA 
template was 112 ± 31 nM. This affinity was about six-
fold greater than the affinity between E. coli primase and 
its ssDNA template (Swart and Griep, 1995).
Primase nucleotide sugar specificity and identification of the 
initiating nucleotide
In a previous study, S. aureus primase primarily ini-
tiated RNA primer synthesis complementary to the tri-
nucleotides d(TTA) and d(CTA) (Koepsell et al., 2006). 
It had no activity on 19 other templates including the 
d(CTG) template that supports E. coli primase activity. 
It was also shown that the S. aureus DnaC primase in-
teracted functionally with the S. aureus helicase but not 
with the E. coli helicase (Koepsell et al., 2006). These ob-
servations confirmed that the activity observed with the 
recombinant S. aureus proteins was not the result of any 
contaminating E. coli proteins from the E. coli-overpro-
ducing strain.
The presence of a single template guanosine at the 
antepenultimate position of the d(TTA) template (Fig-
ure 2) was engineered to examine the site-specific in-
sertion properties of the S. aureus primase. A series of 
experiments were performed (Figure 5) to explore the 
insertion specificity while at the same time establishing 
primer lengths and therefore the initiating nucleotide. 
When CTP was omitted from the reaction, S. aureus pri-
mase generated only one major RNA product (Figure 5, 
lowest chromatogram). This corresponded to the 13-mer 
RNA species according to our previous study (Koepsell 
et al., 2004). When the absorbance scale was increased 
(data not shown), it was observed that some primers 
were longer than the 13-mer indicating that some misin-
sertion was taking place.
 When 400 μM CTP was included in the reaction, the 
major product was a 16-mer RNA primer plus some 15- 
and 14-mer RNA primers (Figure 5, second lowest chro-
matogram). When dCTP was present at 25 or 75 μM, the 
13-mer peak correspondingly decreased while a new 
Figure 4. Primase concentration dependence of RNA primer synthesis was visualized by denaturing HPLC (left) and quantified 
(right). The d(CTA) template concentration was 2 μM, the primase concentrations are indicated on the chromatograms and all 
samples were incubated for 90 min. The dashed line indicates the theoretical stoichiometric case in which one primer would be 
synthesized per template. The solid line through the quantified data conformed to the quadratic equation for primase–ssDNA 
complex formation from its components. 
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peak about 1 nucleotide longer intensified along with 
two other lower-intensity peaks. In a previous paper, 
we showed that the missing hydroxyl makes a deoxyri-
bose more hydrophobic than a ribose so that it interacts 
more strongly with the alkylated non-porous polysty-
rene–divinylbenzene co-polymer of the reversed phase 
column (Koepsell et al., 2004). Therefore, the species that 
is 1 nucleotide longer is terminated with a deoxyribo-
nucleoside (dC14-mer in Figure 5) and the two primer 
species longer than the 14-mer have elongated from the 
deoxyribolyated terminal sugar. The lower yields of 
these two elongated primers indicated that primase did 
so with a lower relative efficiency than from a ribosyl-
ated 3’-hydroxyl group.
When ddCTP was present at 25 or 75 μM, a new 
peak emerged at an elution time significantly greater 
than seen previously (Figure 5, top two chromato-
grams). As the two missing hydroxyls of a terminal 
ddNMP are much more hydrophobic than a ribo-ter-
minated polymer (Koepsell et al., 2004), the ddC14-mer 
eluted much later than the equivalent ribo-terminated 
14-mer. As expected, no products longer than this peak 
were observed because insertion of a dideoxyribonu-
cleotide causes chain termination. Nevertheless, the 
ddCTP concentration dependence was similar to that 
for dCTP, indicating that they are inserted with similar 
efficiencies and indicating a lack of nucleotide sugar 
discrimination.
When the chromatogram peaks were quantified and 
the fraction of primers longer than 14-mers fit to a Mi-
chaelis–Menten-like relationship, it was discovered 
that 5(± 2)% of the primers in the absence of CTP were 
the result of misinsertion at position 14. This was simi-
lar to E. coli primase in which 6% of RNA primers were 
longer than 13 nucleotides under nearly identical con-
ditions (Swart and Griep, 1995). The fits further indi-
cated that the K50 for ddCTP insertion was 27 ± 1 μM 
(R2 = 0.9995) and for dCTP insertion plus incorporation 
was 44 ± 4 μM (R2 = 0.997) (Figure 5). Therefore, S. au-
reus enzyme inserts dideoxynucleosides more readily 
than it inserts deoxynucleosides.
  
ssDNA concentration and length dependence
To determine the stoichiometry and possible sigmoi-
dicity of d(CTA) template binding, primer synthesis 
was measured as a function of d(CTA) template concen-
tration. In addition, the template length was varied to 
establish its elongation processivity. All three different 
lengths of d(CTA) templates were generated to have 6 
nucleotides on the 3’ side of the initiation trinucleotide 
(Table 1) but differ in the number of d(CA) repeats on 
the 5’ side. The length of the longest template-depen-
dent primers should differ depending on the portion of 
the template that codes for primer synthesis. When pri-
mase utilizes the 17-mer d(CTA) template, the longest 
RNA primers should be 10 nucleotides if they finish 
synthesis at the 5’ end of the template. Similarly, the 23-
mer template (our standard length) will produce prim-
ers that are maximally 16 nucleotides long, and the 29-
mer template will produce primers that are maximally 
22 nucleotides long.
Figure 5. Site-specific nucleotide insertion was visualized by denaturing HPLC (left) and quantification (right) of dNTP insertion 
(closed circles) and ddNTP insertion (open circles). In all reactions, the d(CTA) template concentration was 1.5 μM, the primase 
concentration was 1.5 μM, all samples were incubated for 60 min with 400 μM each of ATP, UTP, and GTP but without CTP un-
less indicated. The d(CTA) template had a guanine in the antepenultimate position, similar to the d(TTA) template shown in Fig-
ure 2, so that primase would only be able to synthesize a 14-mer and/or longer oligomer in the presence of CTP or suitable substi-
tutes. In the chromatograms from bottom to top, the samples contained: no CTP; 400 μM CTP; 25 μM dCTP; 75 μM dCTP; 25 μM 
ddCTP; and 75 μM ddCTP. The solid lines through the quantified data in the right panel conformed to a modified Michaelis–
Menten relationship that allowed for a minimum fraction of misinsertion and/or misincorporation. 
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At all concentrations (0–3000 nM) of the 17-mer 
d(CTA) template, the predominant RNA oligomer was 
the full-length 10-mer (Figure 6, top). No products 
shorter than 6 nucleotides long were observed. As the 
ssDNA was increased, more of the shorter primers were 
synthesized but always at lower amounts than the full-
length 10-mer. The simplest interpretation was that pri-
mase activity was more processive than a 10-mer.
 At all concentrations (0–3000 nM) of the 23-mer 
d(CTA) template, the predominant product was the 
full-length 16-mer (Figure 6, middle). The shortest ob-
served primers were 10 nucleotides as noted in the pri-
mase concentration experiment (Figure 4). Another ef-
fect was that small peaks began appearing between the 
template-directed primer peaks and that these proba-
bly differed from the other RNA oligomers by a single 
misinserted nucleotide. As a whole, these results indi-
cate that primase was more processive than 16 nucle-
otides but also that it may change synthetic modes af-
ter it synthesizes a 10-mer so that it has lower fidelity. 
The 23-mer template was also used more efficiently. 
When the areas under the peaks were quantified and 
normalized for their extinction coefficients, it was de-
termined that the 23-mer template yielded more prim-
ers than the 17-mer at each template concentration (see 
below for further analysis). A comparison of extinction 
coefficients (not shown) indicated that the peaks due to 
mistermination contributed less than 5% error to this 
determination.
The concentration dependence of the 29-mer d(CTA) 
template was more complex than the shorter templates 
(Figure 6, bottom). At low ssDNA template concentra-
tions, the predominant species was 19 nucleotides but at 
high template concentration the most abundant primer 
was 18 nucleotides. By this measure at the highest tem-
plate concentration, the processivity was 18 ± 2 nucle-
otides, nearly double the 11 ± 1 nucleotides for E. coli 
primase using a 23-mer template. The other effects ob-
served with the 23-mer template are also observed in 
that the shortest primer was 10 nucleotides and the RNA 
polymers due to mistermination were present.
When the moles of primer at each length were quan-
tified and then summed to yield total primers synthe-
sized, it was observed that primer synthesis conformed 
to a hyperbolic relationship with ssDNA concentration 
independent of template length (Figure 7). This con-
firmed that primase and template were present at limit-
ing concentrations and were forming 1:1 stoichiometric 
complexes. As the total concentration of template and 
primase were known, the data were fit to a quadratic 
expression that accounted for the maximum fraction of 
primase–template complex. The fits indicated that 100% 
of the templates would be primed at saturating ssDNA 
concentration but that the apparent dissociation between 
primase and its ssDNA template differed according to 
the template length (Figure 7, dashed line). The KD for 
the 17-mer template was 4.5 ± 1.1 × 10−7 M (R2 = 0.97), 
for the 23-mer template was 1.3 ± 0.5 × 10−7 M (R2 = 0.98) 
and for the 29-mer template was 1.2 ± 0.7 × 10−7 M 
(R2 = 0.97). The 17-mer was bound three times weaker 
than the other two, which were statistically the same, in-
dicating that the 17-mer was too short. The 23-mer con-
stant had the same value as determined from the pri-
mase titration in Figure 4, indicating a high degree 
of consistency between the two ways to quantify this 
value. Collectively, these results indicated that the op-
timum template length for activity was between 17 and 
23 nucleotides to generate a primer between 10 and 16 
nucleotides. These data also indicated the 23-mer tem-
plate was sufficiently long to exhibit all of the effects of 
the longer template except the processivity.
  
S. aureus primase stimulation by replicative helicase
We have previously shown that S. aureus primase 
was stimulated by its replicative helicase (Koepsell et al., 
2006), but we had not established the level of helicase 
stimulation. Therefore, a series of experiments were per-
formed in which a range of S. aureus DnaC helicase (up 
to 500 nM hexamer) was incubated with S. aureus pri-
mase at three low concentrations (100, 200 or 400 nM) 
and 2 μM d(TTA) template.
Table 1. Single-stranded DNA templates. 
Name                                                                  5’−3’ sequencea                                                                                                                                     ε (M−1 cm−1)
d(CTA) template d(CAGACACACACACACTACACACA) 229 600
d(CTG) template d(CAGACACACACACACTGCACACA) 225 500
d(CTT) template d(CAGACACACACACACTTCACACA) 224 700
d(GTA) template d(CAGACACACACACAGTACACACA) 234 100
d(TTA) template d(CAGACACACACACATTACACACA) 231 500
d(TTT) template d(CAGACACACACACATTTCACACA) 226 600
17-mer d(CTA) template d(CAGACACACACTACACACA) 170 800
29-mer d(CTA) template d(CAGACACACACACACACACTACACACA) 288 400
a The 3’-hydroxyl of all templates is blocked with C3 propanediol.
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At 100 nM primase, there was very little primer syn-
thesis in the absence of DnaC helicase (Figure 8). As the 
DnaC concentration increased up to 67 nM hexamer, 
the amounts of the entire range of primer lengths in-
creased. The concentration of all primer lengths re-
mained roughly constant as the DnaC was increased up 
to 250 nM hexamer but then decreased at 500 nM hex-
amer. Even though the total primer yield was affected 
by DnaC, the pattern of primer lengths was not. This 
effect was contrary to the observation that the helicase 
shortened the primers in the E. coli system (Johnson et 
al., 2000).
 Similar results were observed with 400 nM primase 
(Figure 8) and 200 nM primase (chromatograms not 
shown) with the following exceptions: (i) there were sig-
nificant numbers of primers synthesized in the absence of 
DnaC, (ii) 500 nM DnaC hexamer did not cause the same 
degree of inhibition, and (iii) the DnaC stimulatory effect 
saturated at higher concentrations as the primase concen-
tration was increased. In fact, maximum stimulation of 
200 nM primase occurred between 133 and 250 nM heli-
case hexamer and maximum stimulation of 400 nM pri-
mase occurred between 200 nM and 500 nM helicase hex-
amer. As 100 nM primase stimulation saturated between 
33 and 67 nM helicase hexamer, these ratios all suggested 
that saturation of two primases per DnaC hexamer was 
optimal. The apparent inhibition of 100 nM primase ac-
tivity by 500 nM DnaC may be due to dilution of the pri-
mase monomers bound to the DnaC hexamer or primase-
free DnaC hexamers that sequester the ssDNA.
When the moles of primer at each length were quan-
tified and then summed to yield total primers synthe-
sized, it was observed that primer synthesis conformed 
to a hyperbolic relationship with regard to DnaC con-
centration (Figure 8). This indicated that the multiple 
primase monomers were binding independently to the 
DnaC hexamer. The velocities in the absence and pres-
ence of saturating helicase were determined by fitting 
the data to a saturation relationship (Figure 8, lines 
through the data) resulting in a poor fit for the 100 nM
Figure 7. RNA primer synthesis by 2 μM primase as a function 
of template concentration for three template lengths: 17-mer 
d(CTA) template (circles), 23-mer d(CTA) template (squares) 
and 29-mer d(CTA) template (triangles). The chromatograms 
in Figure 5 were quantified as indicated under Experimen-
tal procedures. The dashed line indicates the theoretical stoi-
chiometric case in which one primer would be synthesized 
per template. The solid lines through the quantified data con-
formed to the quadratic equation for primase–ssDNA complex 
formation from its components. The fits indicated that the 17-
mer KM was 4.5 ± 1.1 × 10−7 M with R2 = 0.97, the 23-mer KM 
was 1.3 ± 0.5 × 10−7 M with R2 = 0.98, and the 29-mer KM was 
1.2 ± 0.7 × 10−7 M with R2 = 0.97. 
Figure 6. Denaturing HPLC chromatograms for the template 
concentration dependence of RNA primer synthesis in the 
presence of three template lengths: 17-mer d(CTA) template 
on the top, 23-mer d(CTA) template in the middle and 29-mer 
d(CTA) template at the bottom. All reactions were incubated 
for 90 min with 2 μM primase. The d(CTA) template concen-
trations from the bottom to top chromatograms were 0, 250, 
500, 1000, 2000 and 3000 nM. The correspondence between the 
peaks and the 3’ end of the primer sequence is shown along 
the top of each. 
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primase data (R2 = 0.53) but with increasingly better fits 
for the 200 nM (R2 = 0.82) and 400 nM (R2 = 0.986) pri-
mase data. When the primase activity in the absence 
of DnaC and in the presence of extrapolated saturating 
DnaC was plotted versus primase concentration (Fig-
ure 8), the relationships were roughly linear. This was 
expected because these reactions were performed with 
a short incubation time and in the presence of low pri-
mase concentration relative to 2 μM d(TTA) template. 
The ratio of the slopes for primase activity with and 
without DnaC indicated that the helicase stimulated pri-
mase activity by 3.5-fold. This was greater than the stim-
ulation observed in the G. stearothermophilus system 
(Thirlway and Soultanas, 2006) and less than the 15-fold 
stimulation in the E. coli system (Johnson et al., 2000).
Effect of helicase on primase initiation specificity
When E. coli primase activity was stimulated by its 
replicative helicase, it initiated from all trinucleotides 
that were tested (Bhattacharyya and Griep, 2000; John-
son et al., 2000). To determine whether S. aureus DnaC 
also relaxed the initiation specificity of its primase, the 
d(TTA), d(CTT), d(CTG) or d(TTT) templates (2 μM) 
were incubated with primase (400 nM) and DnaC 
(133 nM hexamer) for 30 min (Figure 9). The d(TTA) 
template was the only ssDNA that supported a signifi-
cant amount of RNA primer synthesis, just as it was the 
only template in this series primed by S. aureus primase 
in the absence of helicase. Therefore, unlike the E. coli 
system, S. aureus DnaC helicase did not relax the initia-
tion specificity of S. aureus primase.
Figure 8. Helicase stimulation of RNA primer synthesis was visualized by denaturing HPLC. A.  The chromatograms generated 
by 100 nM primase. B. The chromatograms generated by 400 nM primase. The 200 nM primase chromatograms are not shown. 
The concentrations of S. aureus DnaC helicase hexamer examined are indicated on the chromatograms. The d(TTA) template con-
centration was 2 μM and all samples were incubated for 30 min. The lowest chromatogram in (A) was a negative control contain-
ing buffer but no enzymes or ssDNA. C. The helicase-stimulated primer yields are plotted versus S. aureus DnaC helicase concen-
tration for 100 nM primase (circles), 200 nM primase (squares) and 400 nM primase (triangles). These data were fit to a saturation 
equation. D. The primase activity in the absence (open circles) and extrapolated maximal activity in the presence of helicase (filled 
circles) were plotted versus primase concentration. 
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Figure 9. Primase initiation specificity when stimulated by 
helicase was visualized by denaturing HPLC. The primase 
concentration was 400 nM, the DnaC hexamer concentra-
tion was 133 nM, and all samples were incubated for 30 min. 
The template concentration was 2 μM and had the sequence 
5’-CAGA(CA)5XYZ(CA)3-3’, where XYZ is the trinucleotide 
tested and indicated on the chromatograms. 
 
 
Discussion
The observations made in this study suggest that 
many but not all properties of the eubacterial primase 
protein are conserved. The findings complement the 
growing amount of structural and functional data for 
this important class of proteins.
Functional similarities related to mechanism and substrate 
specificity
The S. aureus and E. coli primases share many features 
but are not identical. For instance, they are both opti-
mally active at 30°C and 10 mM magnesium acetate but, 
under those standard conditions, S. aureus primase activ-
ity has an approximately 10 times slower initiation rate 
than E. coli primase. The slowness is almost balanced by 
an approximately sixfold stronger ssDNA affinity by the 
S. aureus primase so that the specificity constants for the 
two enzymes are nearly the same. Another difference re-
ported earlier is that S. aureus primase preferentially ini-
tiates primer synthesis from d(TTA) and d(CTA) but not 
d(CTG) or 18 other trinucleotides (Koepsell et al., 2006) 
while E. coli primase initiates from d(CTG) (Swart and 
Griep, 1993; Bhattacharyya and Griep, 2000). For both 
enzymes, initiation takes place from the central nucleo-
tide in the trinucleotide such that they both initiate RNA 
polymer synthesis with an ATP and attach a purine nu-
cleotide to it. The structurally divergent eukaryotic/ar-
chaeal primases (Ito et al., 2001; 2003; Keck and Berger, 
2001) share this slow rate during initiation even though 
they initiate adjacent to specific trinucleotides (Sheaff 
and Kuchta, 1993).
A recent macroscopic kinetic model predicts that 
sampling the deoxyribonucleoside triphosphate (dNTP) 
pool is a critical factor in determining the elongation rate 
of DNA polymerases (Viljoen et al., 2005). At each step 
along the DNA template, the polymerase withdraws one 
dNTP from the pool at a time until it finds the comple-
mentary nucleotide, and only then will it begin cataly-
sis. Extending that model to RNA polymer initiation, we 
propose that primer synthesis initiation is slow because 
primase samples both the ssDNA sequence and the 
available NTP pool until a preferred initiating trinucle-
otide is assembled with two complementary NTPs. Con-
sidering that primase crystal structures from both the 
Berger and Kuriyan labs show that the active site is very 
exposed (Keck et al., 2000; Podobnik et al., 2000), it is rea-
sonable to expect that the complex between the initia-
tion trinucleotide and its two complementary NTPs will 
not be stable until everything is properly assembled. In 
the case of bacterial primase, proper assembly likely re-
quires that the ssDNA and NTPs interact with both the 
catalytic RNA polymerase domain and N-terminal zinc-
binding domain, as shown by Corn et al. (2005) using E. 
coli primase and its domains. Thus, there are many com-
ponents that must be assembled prior to the catalytic 
formation of the first phosphodiester bond.
S. aureus primase during elongation
There are many similarities but also significant dif-
ferences during the primer elongation phases. The S. 
aureus and E. coli primases are similar in their low dis-
crimination against the insertion of NTPs, dNTPs or di-
deoxynucleoside triphosphates (ddNTPs). This lack of 
sugar insertion specificity is shared with eukaryotic pri-
mases (Sheaff and Kuchta, 1994), again indicating an in-
herent primase function that is most likely the result of 
convergent structural features. Similarly, both bacterial 
primases elongate much slower from a terminal dNMP 
than from an NMP. For both enzymes, insertion of a 
dNMP may provide a signal for the onset of DNA poly-
merase activity.
The largest difference during the elongation phase re-
lates to processivity, the average number of nucleotides 
incorporated between primer initiation and termina-
tion. We showed here that S. aureus primase preferen-
tially synthesizes primers that are 18 ± 2 nucleotides in 
vitro whereas E. coli primase preferentially synthesizes 
an RNA polymer that is 11 ± 1 nucleotides both in vi-
tro and in vivo. The in vivo length of S. aureus primers 
has not been determined. The template length depen-
dence study showed, however, that the optimum tem-
plate length was between 17 and 23 nucleotides. There-
fore, the ability to make long primers is not essential to 
efficient primer synthesis. The ssDNA tracking site was 
S. a u r e u S  p r i m a s e a n d e. c o l i  p r i m a s e   1579
recently identified across the active site face of the E. coli 
RNA polymerase domain. In that co-crystal, a 15-nucle-
otide ssDNA molecule was covalently tethered at its 3’ 
end to one residue near the active site and six of those 
nucleotides were resolved. Even though it remains to be 
determined where the remainder of the ssDNA binds, it 
appears that the total template binding length could be 
15–20 nucleotides, very similar to the ssDNA length we 
have identified in the activity test.
There is evidence in the literature that primase di-
merizes. For instance, E. coli primase binds to G4 origin-
containing ssDNA as a dimer according to both cross-
linking and electrophoretic mobility shift experiments 
with support from solution binding studies (Khopde et 
al., 2002). G4ori DNA is very different from the unstruc-
tured ssDNA used in the current study, however. The 
G4ori DNA forms hairpins, is able to bind ssDNA-bind-
ing protein in a special way and most importantly binds 
two primases (Stayton and Kornberg, 1983; Sun and 
Godson, 1993; 1996; Swart and Griep, 1993; 1995). The 
ssDNA templates used in this study were designed to 
be incapable of forming these special stable hairpins.
In the current study with S. aureus primase, the hy-
perbolic primase dependence of synthesis indicates that 
primase functions as a monomer in vitro. In addition, 
sedimentation equilibrium and chemical cross-linking 
showed that primase was monomeric when free in so-
lution. Our attempts to photocross-link primase and ss-
DNA using either UV-irradiation of 32P-end-labeled ss-
DNA or iodated uracil-containing ssDNA showed only 
monomeric primase–ssDNA complexes (data not shown). 
Therefore, the interaction between primase and ssDNA is 
at best weak and transient such that fork helicase and/or 
auxiliary proteins are probably required to bring multiple 
monomers in proximity with one another.
On the other hand, there is evidence that the ZBD 
of one primase is capable of interacting with the RPD 
of another (Corn et al., 2005). When intact primase, 
or an equimolar mixture of its RPD and ZBD, is pres-
ent in great excess over the ssDNA concentration, ac-
tivity measurements and fluorescence resonance en-
ergy transfer show the enzyme can act in trans. This is 
more likely a model for the assembly of primase on the 
fork helicase. The current hypothesis is that the heli-
case stimulates primase activity by acting as a platform 
upon which two primases bind and then interact with 
each other. This also places them in proximity to the ss-
DNA bound strongly to the helicase (Corn and Berger, 
2006; Thirlway and Soultanas, 2006) so that negative en-
tropy can play its role in enhancing the rate of primer 
synthesis.
Functional differences relate to helicase stimulation
The major functional differences between S. aureus 
and E. coli primases relate to their interactions with 
their respective replicative helicases. In the S. aureus 
system, DnaC helicase stimulated primase activity by 
3.5-fold, did not alter the primase initiation specificity 
and only minimally altered the pattern of primers syn-
thesized. In contrast, E. coli DnaB helicase stimulated 
its primase by 15-fold, broadened the primase initia-
tion specificity and limited the RNA primer size to 12 
bases or less (Bhattacharyya and Griep, 2000; Johnson 
et al., 2000). As the S. aureus primase did not alter its 
initiation specificity in response to stimulation by the 
helicase, it indicates that d(CTA) and d(TTA) will be 
the only two trinucleotides used by the primase dur-
ing chromosomal replication. It is more strongly linked 
to its chromosomal architecture than is E. coli primase 
with its relaxed specificity.
The different interactions that we have reported for 
the primase–helicase interaction between Gram-negative 
E. coli and Gram-positive S. aureus may reflect the differ-
ent structures and flexibilities of the primase C-terminal 
domain (CTD) (Syson et al., 2005; Su et al., 2006). Specif-
ically, the NMR structure of the CTD from Gram-neg-
ative E. coli primase has a long helix 6 that stiffly holds 
its extreme C-terminal helix–turn–helix helicase-inter-
acting subdomain far from the bundle that makes up its 
other subdomain, which is attached to the RNA poly-
merase domain. This differs in Gram-positive G. stearo-
thermophilus primase CTD, which has one bend in the 
middle of the helix 6 equivalent. However, this bend 
elongates to form a helix-like structure when the CTD 
is bound to full-length G. stearothermophilus DnaB he-
licase (Bailey et al., 2007). For this conformation change 
to occur, the two helices on either side of the bend must 
be disrupted so that new contacts can be formed with 
the helicase. Therefore, the inability of the E. coli DnaB 
helicases to cross-stimulate S. aureus primase (Koepsell 
et al., 2006) is either due to its inability to bind to the S. 
aureus primase CTD C-terminus or due to low rates of S. 
aureus primase CTD unfolding.
These studies have shown that two eubacterial pri-
mases, one from Gram-negative gamma-proteobacteria 
and the other from Gram-positive Firmicutes, have con-
served properties with regard to initiating RNA poly-
mer synthesis but that diverge with regard to their abil-
ities to be stimulated by their cognate helicases. The 
conserved properties indicate activities that would be 
good targets for broad-range antibiotics whereas the di-
vergent properties indicate activities that might be good 
targets for narrow-range antibiotics.
Experimental procedures
 
Chemicals
HPLC-purified synthetic oligonucleotides (Table 1) 
were obtained from Integrated DNA Technologies 
(Coralville, IA). Magnesium acetate, potassium gluta-
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mate, HEPES, Brilliant Blue Colloidal stain and dithioth-
reitol (DTT) were obtained from Sigma (St Louis, MO). 
NTPs were purchased from Promega (Madison, WI). 
dNTPs and ddNTPs were obtained from Roche Molec-
ular Biosystems (Mannheim, Germany). Primer lengths 
and quantities were measured on a WAVE HPLC Nu-
cleic Acid Fragment Analysis System with a DNASep 
HPLC column from Transgenomic (Omaha, NE).
 
Expression and purification of S. aureus primase and S. au-
reus DnaC helicase
The primase and DnaC helicase from S. aureus sp. 
strain N315 were cloned, expressed and purified as de-
scribed (Koepsell et al., 2006). The wild-type S. aureus 
primase was prepared as an N-terminal GST fusion to 
overcome solubility problems that were encountered in 
its absence. Note that S. aureus DnaC helicase is the or-
thologue of E. coli DnaB helicase.
 
Primer synthesis assay
RNA primer synthesis reactions were performed in 
100 μl nuclease-free water reactions containing ssDNA 
template (typically 2 μM) in 50 mM HEPES, 100 mM po-
tassium glutamate, pH 7.5, 10 mM DTT, 400 μM NTPs 
and 10 mM magnesium acetate. The reaction was initi-
ated by adding primase (typically 2 μM). When DnaC 
helicase (typically 133 nM hexamer) was present, it was 
added before the ssDNA template. The samples were 
incubated at 30°C for the indicated amount of time (typ-
ically 60 min) and then quenched by heat inactivation 
at 65°C for 10 min. The samples were desalted in a Sep-
hadex G-25 spin column (Amersham, Piscataway, NJ) 
and speed vacuumed to dryness. The pellet was re-sus-
pended in water to 1/10th the original volume of the 
sample, and then 8.0 μl of the sample was analyzed by 
HPLC under thermally denaturing conditions at 80°C 
as previously described (Koepsell et al., 2004). The flow 
rate and acetonitrile gradient allowed detection of both 
the RNA and ssDNA template peaks, which were de-
tected by absorbance at 260 nm. Retention time fluctua-
tions for the RNA peaks were minimized by adjustment 
relative to the ssDNA template retention time.
 Primer synthesis quantification
The moles of RNA polymers were quantified by using 
the template as an internal standard. First, the area under 
each RNA peak and the template peak was background-
corrected and its area summed such that it had units of 
mV·min. Next, all areas were then divided by their rela-
tive extinction coefficients (Tables 1 and 2). Finally, each 
reaction’s template concentration was used in conjunc-
tion with its mole-adjusted area to determine the molar-
ity (or moles) of each primer length. Total primer synthe-
sis is reported as the sum of moles of all primer lengths. 
This approach also had the advantage that it normalized 
the variability introduced to the system when the sam-
ples were spun, dried, re-suspended and injected.
  
Mathematical models
During primer synthesis, one primase binds to one 
template, synthesizes a short RNA polymer complemen-
tary to it, and may or may not dissociate. Therefore, the 
kinetic model in a pool of nucleotides is:
                                                 k1              kcat
P + D  PD → PDR               
                                                 k–1
where P is primase, D is the ssDNA template and R is 
the short RNA polymer (a primer). As primer synthesis 
is the rate-limiting step, then k−1 > kcat and the KM is es-
sentially equal to the KD. Therefore, as shown previously 
(Swart and Griep, 1995), primer synthesis is a first-or-
der process controlled by the concentration of primase–
template as R = Rapp max [1 − exp(−kcat*t)], where Rapp max 
is the apparent maximum number of primers synthe-
sized, and kcat is the first-order catalytic rate (shown to 
be 2.4 × 10−4 s−1 below). Rapp max should be proportional 
to the PD concentration capable of priming and when 
the time is held constant, for example, at 90 min, the 
fraction of primed templates should reach 0.726 [= 1 − 
exp(−0.00024 s−1 × 5400 s)]. The reaction kinetics were fit 
to the indicated equations using Prism 4 for Macintosh 
(GraphPad Software, San Diego, CA).
Table 2. Molar extinction coefficients of various RNA polymers.a 
Length                       ε (M−1 cm−1)                                    RNA sequence                                                                   Relative extinction
16 144 000 AGUGUGUGUGUGUCUG 1.000
15 135 000 AGUGUGUGUGUGUCU 0.938
14 127 200 AGUGUGUGUGUGUC 0.883
13 121 000 AGUGUGUGUGUGU 0.840
12 112 500 AGUGUGUGUGUG 0.781 
11 103 500 AGUGUGUGUGU 0.719 
10 95 000 AGUGUGUGUG 0.660
9 86 000 AGUGUGUGU 0.597
8 77 500 AGUGUGUG 0.538
a The extinction coefficients were calculated with IDT OligoAnalyzer 3.0 by the nearest neighbor method using accurate nucleo-
tide extinction coefficients (Cavaluzzi and Borer, 2004). 
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Sedimentation equilibrium
The molecular mass of GST-primase was determined 
using a Beckman-Coulter Proteomelab XLI Protein 
Characterization System. The sedimentation equilib-
rium experiment was run at 11000 r.p.m. with a pro-
tein concentration of 0.4 mg ml−1 (4 μM) in a buffer of 
50 mM HEPES, pH 8.0, 5 mM DTT. The data were an-
alyzed using Microcal Origin software with the Beck-
man ultracentrifuge data analysis add-ons. The curve 
was fit using the single species model of S = δ + ε 
C0 exp[M(1 − νρ)ω2(r2 − r20)/2RT], where S(r) was the 
280 nm absorbance signal at the radial distance r from 
the centre of the rotor, δ was the baseline offset at 
280 nm, ε was the protein’s monomer molar extinction 
coefficient at 280 nm, C0 was the molar concentration of 
the monomer at arbitrary distance r0 at which the sig-
nal analysis began, M was the sequence monomer mo-
lar mass of 101 700 Da, ν was the partial specific volume 
calculated to be 0.73 for GST-primase, ρ was the solvent 
density of 1.00, ω was the angular velocity of the rotor 
in radians/s, R was the molar gas constant of 83,144,000 
erg mol−1 K−1, and T was the absolute temperature of 
298.15 K.
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